BACKGROUND: Pathogenic causes of acute hypoxemic respiratory failure (AHRF) can be difficult to identify at early clinical presentation. We evaluated the diagnostic utility of combined cardiac and thoracic critical care ultrasonography (CCUS).
Acute hypoxemic respiratory failure (AHRF) is a commonly encountered condition in the ICU. 1 Th e pathogenesis of AHRF can be classifi ed into neuromuscular in origin; acute and chronic obstructive airway disease; alveolar processes, such as cardiogenic pulmonary edema (CPE) and noncardiogenic pulmonary edema; and vascular diseases, such as pulmonary embolism. 2 Although early recognition and treatment of a specifi c cause of AHRF are paramount, diagnosis can be challenging in the early stage of illness.
Critical care ultrasonography (CCUS) has been gaining attention because of its noninvasiveness and absence of radiation exposure. Several studies have reported on the value of thoracic CCUS to assist physicians in diff erentiating alveolar processes from other causes of AHRF in the ED and prehospital settings. [3] [4] [5] [6] [7] For intensivists, CCUS is benefi cial in identifying a component of CPE or noncardiogenic pulmonary edema, such as ARDS, among the various AHRF etiologic factors secondary to alveolar processes. A previous study identifi ed key thoracic CCUS fi ndings that could help in discerning cardiogenic edema from noncardiogenic edema, 3 but other studies have suggested that using thoracic CCUS alone is limited in diff erentiating between the two types. 4, 8, 9 Although basic cardiac CCUS is helpful in the global assessment of left ventricular (LV) systolic fraction, 10, 11 CPE can occur with preserved LV systolic fraction in approximately one-half of patients. 12 Physicians routinely perform cardiopulmonary physical examinations in daily practice, and a recent prospective study demonstrated the potential of the integrated use of cardiac and thoracic CCUS in the diagnosis of AHRF. 13 Understanding CCUS as a screening tool to enhance the physical examination and not as a defi nitive diagnostic modality, we aimed to evaluate the diagnostic utility of combined cardiac and thoracic CCUS in identifying causes of AHRF in the early course of critical illness.
Materials and Methods

Patient Enrollment
We conducted a prospective study in an academic teaching hospital from January 4 through October 23, 2010. Arterial blood gas (ABG) testing of patients admitted to the ICU was electronically screened between 8:00 am and 5:00 pm on weekdays. Patients were eligible for participation in the study if (1) they had received a new diagnosis of AHRF or were admitted to the ICU with the diagnosis of AHRF, (2) ABG testing was ordered within 6 h of diagnosis of AHRF or ICU admission, or (3) ABG testing showed a Pa o 2 /F io 2 ratio , 300. Patients were excluded from the study if (1) an ICU provider declined bedside CCUS, (2) CCUS examination was deemed to interfere with patient care, (3) a sonographer was not available within 6 h aft er ABG testing, or (4) a previous ABG report during the same hospitalization met the criterion of Pa o 2 /F io 2 ratio , 300. Verbal consent was obtained from either the patients or their surrogates. Th is study was approved by the Mayo Clinic Institutional Review Board (IRB No. 09-004897).
CCUS Examination
Cardiac and thoracic CCUS was performed within 6 h of ABG testing. Duration of CCUS examination was limited to 10 min. A portable ICU-based ultrasonography machine (M-turbo with P21 3 phasedarray transducer; FUJIFILM SonoSite, Inc) was used at the bedside to conduct thoracic CCUS followed by cardiac CCUS. Details of the examination are discussed in e-Appendix 1 and Figure 1 . At each examination window, 6-to 10-s video clips were saved for offl ine image interpretation.
Interpretation
Board-certifi ed radiologists and cardiologists reviewed thoracic and cardiac CCUS images, respectively. Patient clinical data were masked to the reviewers. Details of interpretation and defi nitions of CCUS fi ndings are shown in e-Appendix 1 and Figure 1 .
Etiologic Factors of AHRF and Data Collection
Two investigators to whom the CCUS image interpretation was masked (R. H. and J. S.) reviewed the electronic medical record (EMR) to classify the causes of AHRF into three groups: CPE, bilateral noncardiogenic pulmonary edema (ARDS), and other causes (miscellaneous). A patient with both CPE and ARDS was categorized into the CPE group. Th e diagnosis of ARDS was based on the defi nition published from the American-European Consensus Conference on ARDS. 14 For differing diagnoses between the two reviewers, a third physician reviewed the EMR to make the fi nal diagnosis. Th e reviewers had access to the clinical tests ordered as part of patient care, such as echocardiography, chest radiograph, and CT scan, during the course of the patient's ICU stay. In addition to the diagnosis, the following data were extracted from the EMR: age, sex, Pa o 2 /F io 2 ratio on ABG measurements, probrain natriuretic peptide value, peak troponin value, lactate value, leukocyte count, creatinine value, use of mechanical ventilation, and use of vasoactive or inotropic agents. 
Statistical Analysis
For statistical analysis, SAS 9.2 (SAS Institute Inc) and R version 3.0.2 soft ware (Th e R Foundation) were used. Th e k value was calculated to evaluate concordance of clinical diagnoses of AHRF between the two EMR reviewers. Th e lasso model of penalized logistic regression was performed to diff erentiate miscellaneous cause from CPE and ARDS and, subsequently, CPE from ARDS. 15 Ten-fold cross-validation was used to determine the optimal penalty for model selection. An optimal cut point was determined for pleural eff usion and inferior vena cava (IVC) variables with classifi cation and regression trees soft ware using the rpart package. 16 IVC variables were categorized into three groups because of multiple missing variables: above an optimal cut point, below an optimal cut point, and missing IVC measurement. Receiver operating characteristic area under the curve (AUC) was computed to evaluate model discrimination. A weighted scorecard was produced on the basis of the optimal penalized logistic regression model. 15 KruskalWallis test, x 2 test, or Fisher exact test was used to compare variables among patients with CPE, ARDS, and miscellaneous causes. P , .05 was considered statistically signifi cant.
Results
Patient Characteristics
During the 9-month study, 241 adult patients in the ICU were screened for AHRF and a Pa o 2 /F io 2 ratio , 300, and 134 were enrolled ( Fig 2 ) . Table 1 shows the patient characteristics at the time of ABG measurement. Th e median time delay from ABG testing to CCUS examination was 211 (interquartile range, 112-289) min. Fift ynine patients were classifi ed as having CPE, 42 as having ARDS, and 33 as having a miscellaneous cause. Seventeen of 59 patients (29%) in the CPE group had both CPE and ARDS. Th e k value for the diagnoses between the two reviewers was 0.77 (95% CI, 0.66-0.88). Th e most common predisposing condition for the ARDS group was pneumonia (23 patients, 55%). In the miscellaneous group, unilateral pneumonia was most frequently seen (18 patients, 56%), followed by atelectasis (seven patients, 22%), exacerbation of chronic obstructive airway disease (four patients), pulmonary emboli (two patients), pneumothorax (one patient), and large malignant pleural eff usion (one patient).
CCUS Variables
CCUS measurements and interpretation by diagnostic group (ie, CPE, ARDS, miscellaneous) are summarized in e- Table 1 . Diastolic assessment, such as E/A or E/e 9 , was available in only 56% of patients and was not included in the multivariate analysis.
Multivariate Analysis
Penalized regression analysis with cross-validation was fi rst conducted to diff erentiate the miscellaneous group from the CPE and ARDS groups. It identifi ed a proportion of chest zones with positive B-lines relative to all zones examined (a B-line ratio) to be a signifi cant variable (coeffi cient, 2 2.05). No other thoracic or cardiac CCUS fi nding was signifi cant for diff erentiating miscellaneous causes from CPE and ARDS. Th e AUC of this prediction model was 0.82 (95% CI, 0.75-0.88) ( Fig 3A ) .
Subsequently, penalized regression analysis was performed to diff erentiate CPE from ARDS among patients not given a miscellaneous cause diagnosis. Th e following CCUS variables were statistically signifi cant as a prediction model for CPE: presence of left -sided pleural eff usion . 20 mm in the left posterolateral zone (coeffi cient, 0.61), degree of LV systolic dysfunction (moderate or severe dysfunction) (coeffi cient, 0.49), and an IVC minimal diameter . 23 mm (coeffi cient, 0.43). Major valvular abnormalities, right ventricular systolic function and size, lung sliding, pleural assessment, or the presence of A-lines or C patterns was not significantly associated with the diagnosis of CPE. Th e AUC of this prediction model was 0.79 (95% CI, 0.70-0.87) ( Fig 3B ) .
Simplifi ed Scoring System for Clinical Use
To facilitate clinical use of this prediction model, we developed a simplifi ed scoring system. For identifying the miscellaneous group, fewer than three (maximum of eight) chest zones with positive B-lines were associated with miscellaneous causes of AHRF (sensitivity, 97%; specifi city, 53%). Table 2 shows the performance statistics for various score cut points. Th e AUC of this prediction model was 0.82 (95% CI, 0.75-0.88).
Aft er miscellaneous causes were excluded, diff erentiation of CPE from ARDS was conducted with a 10-point scoring system. A base score of 3 was given to the patients for whom the miscellaneous cause was excluded. Leftsided pleural eff usion . 20 mm was given 4 points; IVC minimal diameter Յ 23 mm, 2 2 points; and moderate or severe LV dysfunction, 3 points. Th is simplifi ed scoring system had an AUC of 0.79 (95% CI, 0.70-0.87). Table 3 shows the performance statistics for each score cut point. A score Յ 3 was specifi c for ARDS; a score Ն 6 was highly specifi c for CPE ( Fig 4 ) .
Diastolic Assessment
Among the 101 patients with CPE or ARDS, 48 and 50 had E/A and E/e 9 measurements, respectively. Th e R package part was used to identify the best partition points for E/A and E/e 9 to separate patients with CPE from those with ARDS. 16 ARDS was predominantly seen when E/e 9 Յ 8.3; CPE was seen more when E/e 9 Ն 14.3. No pattern was observed using the E/A estimate.
Discussion
Th is study identifi ed crucial cardiac and thoracic CCUS measurements for discerning causes of AHRF early in the course of critical illness. Lack of positive B-lines or a low B-line ratio in thoracic CCUS examination strongly suggested miscellaneous causes of AHRF. However, left -sided pleural eff usion, moderate or severe LV dysfunction, and large IVC minimal diameter indicated CPE rather than ARDS. Both the penalized regression model and the simplifi ed scoring system showed excellent AUCs.
Th is study has a few notable points compared with previous literature. First, we aimed to identify important ultrasonographic features using both cardiac and thoracic CCUS. Previous reports showed a diagnostic use of thoracic CCUS alone to diff erentiate alveolar processes (CPE, ARDS, or pneumonia) from nonalveolar causes, such as airway obstructive disease (asthma and COPD) and vascular disorders (pulmonary embolus). 3, 5, 6 Whereas one study identifi ed fundamental thoracic CCUS fi ndings that could help to discern cardiogenic from noncardiogenic edema, 3 other studies suggested the limitation on thoracic CCUS alone in diff erentiating between the two. 4, 8, 9 Use of echocardiography for diagnosis and prognosis of heart failure has been reported [17] [18] [19] ; however, investigators have recognized that CPE can occur with preserved LV systolic function in approximately one-half of patients. 12 Given the intricate interaction between the cardiac and respiratory systems, it is natural to hypothesize that combining cardiac and thoracic components of CCUS would further improve CCUS diagnostic utility. In fact, a recent prospective study demonstrated that the integrated use of cardiac and thoracic CCUS is more accurate than thoracic CCUS alone in diagnosing CPE and pneumonia. 13 Th e present study not only proves this hypothesis but also provides physiologically plausible results. Positive B-lines in chest zones theoretically correspond to the rales heard in lung auscultation. If rales are not heard in most of the lung fi elds, a bilateral alveolar process, such as CPE or ARDS, is unlikely in patients with AHRF. Th e presence of left -sided pleural eff usion corresponds to the dullness to percussion at the base of the left lung. LV systolic dysfunction corresponds to hearing a third heart sound, and the large IVC minimal diameter corresponds to a distended internal jugular vein. Th ese physical examination fi ndings are well known for CPE. 20 In consideration of the high noise level in the ICU, 21 the CCUS examination plays an adjunctive role to the conventional physical examination.
Second, we conducted bedside CCUS in a practical manner in which the examination was performed with an ICU-based portable ultrasound machine in Յ 10 min. Important ultrasonography fi ndings shown to be useful in this study are easy to be obtained and interpreted by intensivists who have undergone a structured ultrasonography See Table 1 legend for expansion of abbreviation. See Table 1 legend for expansion of abbreviation.
training session. 22, 23 In addition, these examinations are within the scope of fundamental competency recommended for intensivists. 10 If the examination is limited to key measurements, no more than 5 min are needed to calculate the present simplifi ed prediction scores.
Th ird, this study focused on the ICU setting, where early recognition of AHRF etiologic factors can be benefi cial. Generally speaking, basic radiologic or laboratory information oft en is available before the ICU admission, and diff erentiating alveolar processes (CPE, ARDS, or unilateral pneumonia) from nonalveolar processes (neuromuscular disorder, chronic obstructive airway disease, or pulmonary embolus) is not particularly diffi cult for intensivists. Such diff erentiation oft en is made in the ED through laboratory and radiographic fi ndings together with the BLUE (bedside lung ultrasonography in emergency) protocol suggested by Lichtenstein and Mezière. 5 Although emergency medicine physicians initiate a primary treatment of AHRF, intensivists need to provide specifi c management targeted for a cause of the AHRF. Diff erentiation between CPE and ARDS, although they may overlap, can be diffi cult in the early stage of critical illness. 24, 25 A previous study has shown a decision support tool using such patient risk factors as age, alcohol abuse, chemotherapy, and oxygen saturation as measured by pulse oximetry/F io 2 ratio. 26 According to the present study, CCUS examination is still benefi cial when such information is not readily available at the bedside.
Th is study has several limitations. First, not all eligible patients with AHRF were enrolled in the study because of a narrow enrollment window. When the CCUS examinations were deemed to interfere with patient care (ie, transportation, procedures, family discussion), the patient was not enrolled. Second, CCUS examination was performed only once per patient. A patient's cardiopulmonary conditions constantly change, especially for patients with CPE who tend to respond to medical therapy in a short period. In reality, the advantage of CCUS is its portability and repeatability, which makes it easier for intensivists to chart the trend of a patient's clinical condition and reach the correct diagnosis. Th e one-time CCUS examination in the present study might have led to an underestimation of its value and diagnostic accuracy. Th ird, not all patients underwent diastolic assessment because of time constraints and suboptimal image acquisition. Although diastolic assessment could further increase diagnostic accuracy, we believe that bedside cardiac and thoracic CCUS should be used as a quick screening tool to enhance the physical examination but not as a defi nitive diagnostic modality. Diastolic assessment should be performed with use of comprehensive echocardiography not with an ICU-based portable ultrasonography machine. Finally, we identifi ed central ultrasonographic fi ndings and created a prediction model on the basis of a cohort at a single institution. Th is model needs to be validated in a larger cohort.
Conclusions
Th is study identifi ed important cardiac and thoracic CCUS fi ndings to diff erentiate causes of AHRF in adult patients in the ICU. Although the simplifi ed prediction model may need to be prospectively validated in a large cohort, we show a valuable use of bedside-focused cardiac and thoracic CCUS to diff erentiate ARDS, CPE, and other causes of AHRF early in the course of critical illness.
Acknowledgments
Author contributions: H. S. had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis, including and especially any adverse eff ects. H. S. and O. G. contributed to the study design, data collection and analysis, interpretation of results, and writing and revision of the manuscript; L. A. S. contributed to the statistical analysis and revision of the manuscript; R. H., J. S., E. H. L., B. P. M., T.-E. C., and A. L. contributed to the data collection and analysis and revision of the manuscript; and S. V. M. contributed to the data collection and analysis, interpretation of results, and writing and revision of the manuscript. 
Confl ict of interest
Role of sponsors:
Th e sponsor had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; or preparation, review, or approval of the manuscript.
